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Preface

The purpose of this study was to analyze the material
properties of some of the many materials used in packaging
integrated circuits. Although I am an electrical engineer,
I feel that this study of a related subject, in the field
of material science, has broadened my knowledge base in the
field of microelectronics. It has also given me
appreciation for the problems that must be solved in order
to get the electronics into a useable form.

The completion of this thesis was no easy task, and I
sincerely doubt that I could have completed all the work
involved without the help of many others. I would like to
thank my thesis committee, Capt Donald R. Kitchen for his
untiring guidance and support, and Capt Dale Hibner for
assistance in writing this document. I would also like to
thank Dr. Robert W. Thomas of the Product Evaluation
Section of the Reliability and Compatability Division of
the Rome Air Development Center for his cooperation in the
use of the lab. I would like to extend a word of thanks to
the personnel at the lab for their cooperation and support,
especially 1Lt Amy Potts who assisted me with the operation
of the equipment required for the study.

Finally, I wish to thank Sharron for her concern and
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entire ordeal.
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Abstract

fhis investigation determined the adsorption

properties of water on RC-5878 polyimide, rolled gold foil,
and rolled nickel foil at ZOOC, is well as the effects
that hydrogen has on nickel foil with a monolayer coverage
of water molecules. Adsorption isotherms were obtained
using a vacuum ultramicrobalance with a sensibility of 0.1
micrograms per 10 gram lcad. The microbalance system
includes a gas handling system, a stainless steel housing,
and a quadrupole residual gas analyzer. The isotherms were
analyzed using the B. E. T. surface area technique.

The results showed that RC-5878 polyimide adsorbs
water in an amount proportional to the thickness of the
sample when the given cure is used. The rolled gold foil

showed no mass gain from water adsorption. The nickel foil

adsorbed water on 0.8%6 cmz of the 210 cm2 sample, and

adsorbed on 0.40 dmz during the second run of the

experiment. An Auger scan revealed a large concentration

| of oxygen due to nickel oxide, which acted as a passivation

9 rv‘*rv**—vr e gun 2ne an ams g
R ‘-

layer for the remaining nickel sample surface. A monolayer
of water molecules was obtained on the nickel surface, and

hydrogen was admitted to the system. The sample exhibited

T

a mass gain which was attributed to hydrogen bonding on the

nickel oxide surface.

X i
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I. INTRODUCTION

Background

In the field of integrated circuits, controlling
ambient contaminants during fabrication is becomming more
important, especially with the small geometries that exists
today. Water is one such contaminant that causes circuit
failure in hermetically sealed integrated circuit pack-
ages (28:711). The assumption is that water, as well as
other impurities, is adsorbed onto the surface of the
packaging materials before they are used. When the package
is sealed, the water is trapped inside where it can
corrode, crack or short out the circuit. Figure I-1 shows
such a problem, where moisture caused a contact pad to
corrode.

In order to increase the reliability of these
circuits, such surface reaction problems must be solved,
but more has to be learned about the reactions taking place
at the surface of the materials. By studying the materials
used and their reactions with controlled ambients, know-
ledge will be gained that could ultimately be useful in
producing more reliable integrated circuits.

The analysis of the adsorption of gases and vapors on
solids provides information such as rates of adsorption and

tions

0

adsorption isotherms, which can be used to make dadu

rt

rn

ibout the chamistry and physics of the surface cf the 30

e
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Figure I-1. Corrosion on a Bond Pad due to
Moisture in the Integrated circuit Pacrage
(magnified 1800X). (16)

(27:209). When this is known, techniques for assembling
integrated circuit packages can be enhanced so that the
contamination from impurities in the ambient can be

decreased or eliminated.

Problem Statement

The first step toward raising the reliability of
integrated circuits through better packaging technigues is
to learn mcre abcus the adsorption

rcperties Of amblents

o
O

on packigirng matarials. The

<

Ciective 5f +his research i3

—
|
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to determine the adsorption characteristics of Dupont RC-
5878 polyimide, gold, and nickel. The test ambients were
limited to hydrogen and to water, because they are common
and present major problems to the semiconductor industry.

Major Equipment. The major apparatus chosen for the

study 1s a stainless-steel, ultra-high vacuum system which
incorporates an ultramicrogravimetric vacuum microbalance
and a residual gas analyzer. The microbalance has a 20 g
load capacity and has a sensitivity of 0.1 microgram for a
10 gram locad. Mass changes are recorded while simul-
taneously monitoring the composition of the residual gas
with the UTI quadrupole gas analyzer, located in line-of-
sight to the sample to eliminate secondary surface
reactions. The data collected reveals the quantity and
composition of the adsorbed and desorbed products of the
experiments.

Approach. There are three major parts to the study.
The first part was the familiarization of the equipment by
performing tests on pfbviously tested materials. Also, the
possibility of digitizing the control system was investi-
gated to make the response times faster while increasing
the accuracy of the data. These results are included in
Appendix C.

The second step was to perform the tests on the
samples. The samples were loaded into the system and the

chamber was evacuated to the desired base pressure. The

[-3
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samples were then exposed; to water vapor at different

partial pressures in order to construct isotherms, from

Y VP Rw

which useful data could be cbtained. Furthermore, The
nickel sample was exposed to hydrogen before and after

d
water was adsorbed onto the surface to determine if the J

hydrogen displaced the water. i

The final step in this research was to document the
findings of the investigation and drawv conclusions from the
data concerning the existénce of adsorption and any
reactions taking place on,the surface. Recommendations

for further study were then made.

Scope

Qe The scope of this research is limited to the
determination of the adsorption properties of water vapor on
a polyimide, gold and nickel, including the effects of
hydrogen on the water adsorbed onto the nickel surface.
The equipment used was an ultramicrogravimetric vacuum
microbalance to measure changes in mass due to adsorption

or desorption, coupled with a mass spectrometer to analyze

DUCNLAL A o ot Son S g S SR d0g
‘ PR T

the outgassed products of the reactions. The samples were
tested as described in the problem statement.
P This research does not attempt to determine the
g' adsorption properties of other materials, such as ceramics,
E' metal alloys and sealing glasses, used in packaging
:. integrated circuits. Also, it does not attempt to
[
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determine the actucl chemical reactions during adsorption

and desorption, just that they do occur on the materials
tested at the specified rates and quantities. These tasks
are left to the chemists and those who have an interest in

finding the properties of other materials.

Approach and Presentation

This thesis research is presented in the following
chronological order. There are four main sections; the
review of the literature, the adsorption study, the
discussion of the results, and the conclusions.

Chapter II presents the theories used in this
research from the literature. Section II-1 discusses the
theory of adsorption and desorption and how the data can be
used to determine surface characteristics. Section II-2
discusses the theory and the operation of a microgravi-
metric system, including a discussion of the possible errors
in such a system.

The next section, chapter III, discusses the
experiment itself. Section Il1I-1 presents a discussion
of the equipment used in the experiment. Section III-2
presents the procedures that were followed for the
experiments, as well as the data that was compiled from the
tests performed on each sarple.

Chapter IV presents the results of the adsorption

experiments., The results of =2ach experiment are presented
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and the reasons for them are discussed. Chapter V presents
the conclusions drawn from the results in Chapter IV, and
offers recommendations for further study.

Finally, the appendicies contain supplemental
information that is needed for understanding the material
in this report. Appendix A contains the data used in
calibrating the micrcbalance. Appendix B discusses the
operation of the analog controller, while Appendix C offers
some ideas on digitizing that controller. Appendix D
presents the BET (Brunauer, Emmett and Teller) method for

finding the surface area of a sample from adsorption data.

Major Results

The major result of the thesis research on the Dupont
RC~-5878 polyimide is that it does adsorb water vapor, given
the recommended cure. The data shows that the polyimide
samples tested adsorbed water vapor at 20°C, and the
thickness of the sample was directly related to the amount
of water adsorbed.

The rolled gold foil sample tested did not adsorb
water onto the surface at 20°C. The data showed that
there was no mass gain due to water adsorption when exposed
to water vapor, so the gold could be used in the nickel
adsorption experiment without altering the results.

There are two results from the nickel adsorption

study. First, water vapor does adsorb on nickel foil at

I-6
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20°C, but only on a small part of the total surface,

probably due to the passivation of the rest of the surface
by nickel oxide. The second result is the sample gained

mass when a monolayer of water molecules was exposed to

hydrogen, instead of the expected mass loss due to a

displacement reaction between H2 molecules and heavier

HZO molecules,

. e A asr - ittt s degbnca s e ol
——— S — B ——————




PP DY, R

II. ADSORPTION AND DESORPTION IN

DETERMINING SOLID SURFACE CHARACTERISTICS

Adsorption and Desorption Phenomena

Description. Adsorption is the assimilation of

molecules from a gas or vapor ambient onto the surface of a
solid in that ambient. Physical adsorption (physisorption)
is characterized by the release of reaction heat on the
order of the condensation heat of the gas or vapor during
adsorption. Since this is true, the heat of adsorption is
on the order of the heat of vaporization, so the adsorbate
can be desorbed almost completely by lowering the pressure
of the gas (17:127).

Some of the quantitative parameters for an activated
adsorption process are: the equilibrium distance of the
adsorbate from the surface, r, i the isoteric heat of
adsorption, gq; the activation energy for desorption, ED'

and the activation energy for adsorption, E These

A®
parameters are depicted in Figure II-1. When the gas and
solid are separated by an infinite distance, the potential
energy is defined as zero and is taken to be the potential
energy reference (6:394).

The binding of the molecules of the adsorbate on the
surface of the solid are caused by dispersion forces Kknown

as van der Waals forces (17:127). Henderson and Snook

{14:2356) have developed van der Waals theory of adsorption

cI-1
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Figgre [I-1. Change of Potential Energy for
Activated Adsorption. (6:394)

in great mathematical detail.

Adsorption studies can provide a great deal of

information, but three fundamental questions must be

answered first. These questions are: what are the adsorbed >
species, what is the relative population, and where are

s they located on the surface (6:390)? Depending on the

-

method used in collecting the data, the answers can te

measured directly. Otherwise they can be calculated or

inferred from the results.
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Deductions about the physics and chemistry of the

solid surface can be made from data measured directly, such

as rates of adsorption, but often require data in the form

of an isotherm or isobar (27:210). At equilibrium, the mass .
of the adsorbate per unit mass of the adsorbent is a func- J

tion of pressure and temperature alone, where the adsorbate

is the adsorbed gas and the adsorbent 1is the solid. By

holding the temperature constant and measuring the mass
while varying the pressure, isotherms can be readily

determined (6:395).

R

Iv \%

- ’

Amount Adsorbed

R TV

. l-O l-o
Relative Pressure (p/po)

- Fiqure II-2. Classification of the Principal

! [ pes of [sotherms According to Brunauer, Deming,
! Caming and Teller. (4:544)
f
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Isotherms. The information that can be deduced from
isotherms include adsorption heats and entropies at the
gas-solid interface, adsorptivity and adsorption kinetics
of the adsorbent, surface area and texture of the solid,
and pore size and distribution at the surface (20:1558;
17:128). These adsorption isotherms can be classified into
five types, known as the BET (Brunauer, Emmett, Teller) or
BDDT (Brunauer, Deming, Deming, and Teller) classification
(4:543). These principal types of isotherms are shown in
Figure II-2.

The type I isotherm indicates that the surface has
micropores, less than 2 nm in diameter by Durbin's
Adsorbed molecules in the pores are

classification.

attracted by more than one surface at a time, so the

enthalpy is high at lower partial pressur2s. At higher

partial pressures, the pores
condensation doces not occur,
equilibrium (4:544).

The type I1 isotherm is

are full, and since multilayer

the isotherm reaches

the most common type and 1is

modeled by the classical BET equation (see Appendix D).
Though the BET equation has been criticized, it has been
applied to many isotherms, and has provided information for
finding the monolayer coverage and, ultimately, the surface
area (4:543). In practice, the BET eguation has bteen found
tno pe accurate only in the dimensionless pressure (p/po)

range of 0.05 to 0.35 (4:544). The BET method of

II-4
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determining the surface area 1is outlined by Robens
(17:159), and is presented in Appendix D.

When the interaction between the gas and solid is low
at low partial pressures and higher at higher partial
pressures, the isotherm produced is a type III (or V) with
the initial concave curve (4:544). A type IV or V isotherm
is produced when mesopores (2-20 nm) or macropores (>20 nm)
exist on the surface. These arise from capillary
condensation in the pores. These isotherms generally
contain a hysteresis loop at the end which contains

information about the pore size and distribution (4:545).

Amount Adsorbed

t

Figure I1-3. Comparison Plots Based on Standar<d

[sotherms: (a) Non-porous Sample, (b) Sample
Containing Micropores, (c¢) Sample Containing
Mesopores. (4:544)

Comparison plots can be used to determine the texture
of tne surface. By assuming a standard 1sotherm for a

particular adsorbent on a non-gorous surface, and plotting
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it against that of an unknown sample surface, the plot will
take the form of one of the plots shown in Figure II-3. If
the surfaces match, then the plot will look like the first

one. For a surface with a large number of micropores, the

plot will look like the second, and mesopores will yield

the third (4:544).

Sorption Measurement Techniques

There are several methods for obtaining sorption data,
but the three most widely known methods for obtaining
isotherms are continuous flow, volumetric, and gravimetric
techniques (20:1558). Whether it be monitoring pressure
changes to determine the number of molecules adsorbed, or

‘D monitoring the mass change, any experimental technique that
is related to the molecules adsorbed or desorbed is a
suitable method (7:130).

Continuous Flow. The continuous flow method con-

sists of a gas that flows over the sample and is analyzed

to find how much adsorbate has left the mixture. The gas
phase is a mixture of the adsorbate and an inert gas. As
the gas passes over the sample, the adsorbate is removed

from the mixture in some quantity, and the change in the

TTTDIU'T"' (N g
[ ] - : Lo

gas composition is detected by a thermal sensor. This

Y

method is advantageous tecause a high vacuum 1s not re-

L g

qulrad, and it 15 an easy way to Jetermine the surfal= irea

of the sample (20:1558).
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Volumetric. The volumetric technigque for obtaining

1sotherms requires accurate pressure measurements before

and after a known quantity of gas is admitted to the chamker.

Assuming that there 1s no adsorption onto the walls of the
chamber, the difference measured in the pressure is related
to the amount of adsorbate taken up by the sample. This
methed is good with the use of inert gases, but is poor
when reactive gases are used because of the changes 1in
pressure due to the reactions between the gases. Another
disadvantage is that the detection of irreversible

sorption is practically impossible (20:1558).

Gravimetric. The gravimetric technique consists of a

sample loaded into gravimetric balance which allows adsorb-
ates to be admitted and evacuated. The mass change of the
sample is measured directly as is pressure, both of which
are measured independently (20:1558). Although the method
is tedious and time consuming, the quality and quantity of
the data is superior to that of volumetric studies (6:420).
Because the mass changes are measured directly, the
equilibrium points are readily apparent, while other
methods require corrections in the data and have
calibration constraints (4:545).

The type I11 isotherm usually describes gases that
condense at room temperature, and is best found using
gravimatric czechnigues (4:345). Monitoring mass changes 1n

time wusing a microbalance is a common method for obtaining
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- oxidation kinetics, as well as the degradation of resins
F and adsorption on catalysts (15:397; 22:2444). A suitable

rassure range for thermogravimetric analysis is between

0

an Jd.1 Torr and 760 Torr (21:138). Hussey, et al. reported

use of a vacuum microbalance for oxidation kinetics of

o]

metals, with a pressure range of 10 ° to 760 Torr and a

maxlimum remperature of 1100 °C. The noise level of the
system was reported as approximately 3 micrograms (15:399).

Microbalances. There are three types of microbalan-

ces, the spiral or helices, tortion, and the pivotal beam

talance. The quartz helices of the spiral balance are very
dellicate and =asily broken. They are also susceptible to
oscillations resulting from poor shock mounting (8:1206).
This 1s understandable since they work on the principal of
measuring the deflection of a fine quartz spring. The
extension of the spring is proportional to the mass, and
obeys Hooke's law (11:9).

The torsion balance consists of a beam that 1is
suspended by a primary fulcrum that is usually a gquartz
or tungsten wire. A small moment in the wire is used to

detect mass changes (11:13). The major disadvantages of

this type of balance is that it is sensitive to shocks and

requires frequent calibration (8:1206).

L

g Tre plvotal ceam balance, shown 1n Figure II-4,

.-

t~ Ton3130s ot a peam resting onoa £u2lcrum 2f twoe polints

P

{ (L1:15). ©one side of the beam holds the sample, and the
]
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Figure II-4. Beam Microbalance of Symmetrical
Design with a Trussed Beam and Magnetic
Compensation. (11:29; 23:79)

other holds the counterweight and is compensated by a

o calibrated force, to be discussed shortly, in the system.
:. The sensibility, or the response of the system, is on the
order of a microgram, which is comparable to that of the

torsion balance. The rigid parts are very rugged, and

T v

@
.
. .

larger mass changes can be compensated with the pivotal

- peam balance. The system has long term stability, and the
.

b . 5 .

- resuirts are =2aslly reproduced (3:1206).

b

At C .

r. Because the sample and counterwelsznt can e helld 1n
-
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the same conditions to compensate for buoyancy and con- 4
.
vection, symmetrical balances are best for sorption meas- q

urments (21:129). Adsorption studies can be tedious, so it

15 a great advantage to use a recorder for long term

measurements with a microbalance (4:545).

vacuum Microobalance Design

There are several considerations that go into the
construction and use of a vacuum microbalance. Some of
these considerations are; operational temperatures,
outgassing properties, bake-out requirements, ultra-high
vacuum considerations, and reactivity of the materials to
different ambients in the system. The laboratory 1in which
it is operated needs to be considered also. Background
vibrations on the order of 20 to 50 Hz are common, and can
have a serious effect on the accuracy of the balance if the
vibrations have an accelerating force greater than .01
Newtons. Accelerations less than 10_4 N will permit the
operate near its maximum resolution (23:69).

Materials. The materials used in construction of a
balance should be chosen such that they will not react with
the test atmosphere. Quartz and tungsten microbalances a.e
gJenerally used (23:74), but Thomas and Williams reported
the construction and use of a dural vacuum microbalance for
i32 1n oar;i3on, ni-rsisn, Krypton and carbon dicxide arcients

(27:209).
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When parts of a balance are of different materials,
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such as a combination of guartz and tungsten, they must be
bonded together. This is done with epoxy resins or metal
pastes, such as silver chlecride or silver platinum

(23:76). Once again, these materials should be chosen so

that they do not react with the ambient in such a way as to y

rcduce 2rronecus data. )

e

Beam Deflection. In order to detect mass changes on i
the order of a microgram, a sensitive method of detecting

the beam deflection must be used. Differential trans-

formers or differential capacitors can be used to detect
deflections, but they may exert forces on the balance that
can cause errors in the measurement. The most widely used

techniques are optical and create no undesirable forces on

the microbalance. These passive detectors include:
detection of angular motion of a reflected light beam,
intensity changes in light that is partially cut off by a
flag at the end of the balance arm, optical microscopy, or

detection of optical interference patterns (23:81).

A full deflection of the beam of a microbalance was

reported by Schwoebel (23:82) with a sample mass change of

0.01 %. This dramatizes the need for accurate compensation

DER 2N s e o aare

and null techniques. A null deflection and compensation
- force 1s related to the change in mass of the sample, and a
Jalibrated force can be used as a means of determining the

amount of mass gained or lost. Errors can also be avoided

1
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that arise from the non linearity of an unbalanced beam

(23:82).

Compensation. Buoyancy, electrostatic, and mag-

netic compensation have all been used to keep microbalances
in balanée. Buoyancy compensation is achieved by placing
the counterweight in a chamber of a gas in which the
oressure 1s varied and the temperature 1s known, and the
compensating force follows Archimedes' principal (23:82).
Electrostatic compensation is a method by which the force
bé%ween two parallel plates is used to balance the beam in
the null position (23:83).

The most widély used technique, however, is magnetic
compensation. This method makes use of a ferromagnetic
material sealed in a quartz tube and suspended from the
balance on one side. A solenoid outside the balance
housing sets up a field in the space occupied by the
ferromagnetic material, thus applying a compensating force.
The null is maintained by varying the current in the coil,
which is proportional to the mass change of the sample
{23:83).

Compensation of the beam will cause it to oscillate
about the null position, so some form of damping is
required to stabilize the beam at the null position. To
accomplish this, the signal from the displacement detector
i3 differentiated and amplifi=d, and it is sent to the

coil. This will automatically damp out the oscillations of
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the beam, the rate of which is determined by the gain of

N TR | Ny

the amplifier (23:85).

Light source i
\ Mirror 1

Microbalance

Compensator
Differentiating ﬁ 23U
network gc amphifter Digrtat voitmeter
-, % /N
Damping circuit 3
Two-phase Muititura SO0 A-tw -
Amphfier servo motor  potentiometer battery ]
/
v L )
] -
Manual/automatsc oo
option !
Control circuit 1
Figure II-5. Microbalance with Automatic -z
Compensating Network. (23:85) a
Figure 1I-5 shows the schematic of a microbalance with ]
its compensating network. Such networks are susceptible to g
. Y
:7 errors caused by power supply variations, slight solenoid -
s‘! i
N position changes, and hysteresis or temperature effects of )
| the ferromagnetic compensation weight. All of these effect !
r R
s “he sensibility of the system(23:89).
s Sensibility and Sensitivity. The sensibility of an )
S
4
}, ultragravimetric system is the response of the entire
L H
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system, including the balance and the control network, to a
given upsetting force. This is the ultimate detectability
of a change in mass. Sensitivity, on the other hand, is
the response of the microbalance itself to an unbalancing
force (23:87).

Calibration. The calibration of a balance is usual-

ly Jdone using microweights or by the buoyancy technigue.
The buoyancy technique makes use of Archimedes' principal
by suspending two buoyancy bulbs of equal volume and
different masses in a known gas (usuaiiy nitrogen). The
pressure 1is varied and, applying Archiﬁedes' principal, the
mass change in the sample 1s determined for the change in
the compensation coil. This method can determine the
sensibility of the instrument over wide pressure ranges
{(11:126). The calibration method used for this experiment
is given in Appendix A.

The use of microweights is the easier and more
straight forward method because there is no extra equipment
needed, and it eliminates complex errors from fine measure-
ments and calculations. This procedure involves taking a
length of wire, such as tungsten, that is uniform in dia-
meter and weighing it on an analytical balance to find it's
linear density in micrograms per centimeter. Once that is
found, lengths with desired masses are cut ard used as
microweights (23:89).

Gravimetric System. A complete system for gravi-

[I-14
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metric studies not only requires a sensitive microbalance,
but also includes a vacuum station, a means cof measuring
pressure, and an adsorbate reservoir. In addition, it
should have some sort of temperature control, a valve
arrangement for admitting the adsorbates, and a method of
recording mass changes and pressure (20:1559).

In order to keep the system clean of hydrocarbons from

organic matter, such as oil from an oil diffusion pump, an
ion pump or turbomolecular pump should be used. A turbo-
molecular pump produces vibrations that could create
problems with the accuracy of the system, so a frequency
damping system must be used. A Balzers 240 liters/second
turbo pump was used 1n this study, and an isolation bellows
was bolted between it and the remainder of the vacuum

system to reduce the vibrations (17:242).

Microgravimetric Studies with Residual Gas Analysis

During the outgassing, desorption, or decomposition

of a sample being studied microgravimetrically, determin-

ation of products that are being released from the sample

K

! . ..

s may be of interest. A method for determining what par-

:

E ticular vapor or gas is released is the simulteneous use of
L

Py a mass spectrometer as a residual gas analyzer (RGA).

For =xample, wher 1 3ample 135 bteirqg prepared for a
surption study, Sne °lInt udse an outgassing, adsorption,

cut3assinyg, and roduction CACR) Cycle. This 1s done by

T Y
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outgassing the chamker, adsorbing oxygen, outgassing the
chamber once again, and chemically reducing the surface
with carbon monoxide, hydrogen, or any other ambient that
reacts with oxygen and is known not to adsorb on the sample
(6:412). The data from the RGA will show, during the
reduction step, that water is being released from the

sample when it is exposed to H, {(or CO, when exposed to

2 2

co}.

Mass Spectrometers. Mass spectrometers are the

instruments used to analyze the emissions of the sample
during outgassing, desorption or decomposition. The
instrument gives the identification and amcunt of a
particular species present in the gas. This is done by
ionizing the gas molecules present, separating the ions
according to their mass to charge ratio and measuring the
relative amount of a species with a given mass to charge
ratio (17:234).

Ionization of molecules is usually done by electron
bombardment, but is sometimes done by field ionization
which produces a less complex spectra (17:234). The
ionizer should be located between the sample and the vacuum
pump. Furthermore, the ionizer should be in line of sight
to the sample, otherwise the molecules may stick to the
sides of the housing. This will complicate the analysis
of the outgassed products because of complicated secondary

-~

surface relations {(17:239; 28:711).
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There are many ways to separate the 1icns, and the
various RGA's are classified as: single magnetic, Jdouble
focusing, multiple magnet, cycloidal, cyclotron rescnance,
time of flight, guadrupoles and R F, and orther special
analyzers {(17:234). Because cof its superior performance,
tne gquadrupole RGA has virtually replaced all others., 3Some
oI =he advantages are tnat 1t Nas no permanant magnet so Lt
1s compact and will interfere less with the kalance, 1t 1s
electronically adjusted rather than mechanically, it has
nigh sensitivity at low voltages, and it 1s capable of

rapid scanning under computer control (17:235). The quadru-

ole creates R F and electrostatic fields from two pairs of

Q

metal rods, in which certain species of a particular mass
to charge ratio will have a stable trajectory through the
filter, while other ions will be filtered out (29).
Electrical detection of the ions is done by a non-
multiplying Faraday cup or an electron multiplier. The
electron multiplier amplifies a single charge into a
current, producing an ion current as a function of the mass

to charge ratio (17:234). A schematic of an RGA is shown

-
o

Figure [I1-6.

RGA Measurements. The output of an RGA 1s a spectrunm

of peaks representing the atomic mass numker of the species

.a AMU. The resolution of these peaks is given by the

'y
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Figure II-6. Schematic of the Principal Parts of
a Residual Gas Analyzer. (29)

el oo Kl

A resolution parameter of 700 or less is good, and should ‘

allow the principal hydrocarbon (AMU 43) and CO2 {AMU 44) ‘

to be distinguishable (17:235)

Each individual gas has it's own pattern of peaks

called cracking patterns. These patterns can have many

r——

peaks spread throughout the spectrum, and if more than one

¢ gas 1s present, peaks from several gases may occupy the

same AMU, as shown in Figure II-7. With some knowledge
icout the gases present, the different cracking patterns

e ~an b= identiflied (17:244). Some common peaks are; water

-
.
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Figure II-7.
terns of Four Commonly Observed Gasses.

Mass Spectrum of the Cracking Pat-
{17:245)

{AMU

17 and 18), hydrogen (AMU 1 and 2), CO and/or N2

and CO, (AMU 44) (17:247).

2
Data handling is generally done on a multi-pen strip
from the microbalance and

The data can be handled by a computer

(17:244).

Errors 1n Mlcrogravimetric Analysis

When maxing measurements on the microgram scale,

II-19

.t A R . .
PRI TP PPN WEFRE. TPAL T TGN VAL S . T

P S WL )

~ -M.L‘LAAL'I.




B ad an as G SAERSS SAA N et A el e i A A A AR A

L 4 f & 8 F
AR A A
1]

-

Ik 3

forces that are otherwise neglected become critical to the

accuracy and integrity of the data. Such forces arise from

it AR

buoyancy effects, convection currents, thermcmolacular flow

{TMF), static electricity, and electromagnetic fields

MM

(2:272; 11:34; 21:143). TMF is most apparent in the pres-

PP The 3

sure range of .01 to 1 Torr (27:220), but has been reported

~

2

oy Czanderna and Wolsky to occur between 7x10°° and

f Iy

2 Torr (11:38). Other spurious forces such as cavity
forces and aerodynamic forces occur at greater pressures §

up to atmospheric pressure, while convection forces are

present at higher forces (3:220). For the most part,
however, of the many sources of error; corrections for TMF,
buoyancy, and temperature fluctuations are needed (4:546).
Buoyancy. The buoyancy effect is the upward force
exerted on the sample (or any part of the balance) by the
ampbient gas due to Archimedian displacement (4:546).

Unless the microbalance is being used to measure the

density of the gas in the system, a correction is needed
for the force, F, due to bouyancy (11:37). 3

To understand the principal of buoyancy, the following i
scenario was investigated. Consider a uniform liquid of ’

density, do, with an arbitrary volume, V in the ligquid

B’ ]
with an arbitrary boundary, B. M is the mass of a molecule i
1

of the fluid, g is the acceleration due to gravity, and the

4 i3 at rest, I this situation, the total iownward )
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FT = MVBdOg—F = 0 {1)

The buoyancy of a solid intrcduces some complications.
The mass of the bounded volume is changed, and 1s not the
same as the boundary of the solid. The density of the

fluid remains the same outside V pbut the density Of the

Bl

fluid between VB and VS' the boundary of the solid sur-

face, is a function of the distance from the surface of the
solid. To simplify the prcoblem, the average density, d,
is used in that volume. With MS being the mass of the

the solld, Eq (1) becomes

FT = Msg+(VB*VS)Mdg-F {2)
= Msg+(VB—VS)Mdg-VBdOMg {3)
or
FT/g = (MS—VSdOM)+([VB—VS][d-dO]M) {4

where the first term on the right side is the mass of the
solid less the Archimedian buoyancy correction, and the
the second term is the force due to the gas-sclid
interaction, which is discussed in detail by Pierotti
113:3).

The puovancy forces discussed here are a problem that

rn

m23n e dealt with. The best method of compen

0

ating £o
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“hese forces i3 tO insur2 that the talance is symme
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50 that equal forces will act on both sides. If that is

impossible, gold wire can be suspended on the side with 2
net negative buoyancy, and aluminum wire of the sameé mass
can pe nhung on the opposite side (21:141). finally, the

puoyancy can be calibrated and accounted for in the final
form of the data.

Thermomolacular Flow (TMF). The error caused by the

longitudinal flow of molecules parallel to a surface of
nonhomogeneous temperature results in thermomolecular flow,
giving rise to longitudinal Knudsen forces (18:100).

Figure II-8 shows the effect of these Knudsen forces. TMF
occurs 1n the pressure range of 7}(10-5 to 2 Torr (11:38),
and erroneous interpretation of the data may result because
a large range of particle sizes will disturb Isotherms over
a large pressure range (27:228). Ignoring errcrs caused by
TMF cculd lead to errors in evaluating thermodynamic
functions such as entropy and enthalpy (27:223). Cutting
and Parkyns reported an apparent mass change due to TMF of
approximately 30 ug, shown in Figure II-9 (4:546).

TMF is caused by a temperature gradient 1in the
components of the microbalance producing Knudsen forces
(2:247) in the direction of hot to cold (21:149). The
temperature gradient is a function of the thermal
conductivity, emissivity, and coefficient of 2xpansion in
“ne marerial ot the balance or sarple. The error caused oy

TME 15 Jdirectly related o 2missivity and coefficilent of
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2xpans:cn, and 1s inversely related to +the thermal
conducmivity (27:211). A detalled discussion of Knudsen

ItrTes 13 orasentad by Massen and Poulis (13:122,
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Figure [I-1C. Opposing Forces Acting on a
Symmetrical Microbalance. (11:38)
;.
P
a
b TMF forces can be minimized by employing identical
| )
1 hang-down apparatuses on both sides cf the balance. This 1
¢ :
[ _
- includes the hang-down tubes and suspensions as well as the ﬁ
‘ . . ) . . 1
« temperature gradient in them. This will, with an ideal o
R
f’ irrangement, produce identical opposing forces shown in 5
}
C Fijure [i-1u (1l:338). In most cases, the apraratus 13 Dot j
)
' t.22al, and the TMF force shculd be calibrated and :nciddel ﬁ
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in the data.

Cavity Forces. Cavity forces are related to Knudsen

forces, but occur when there is a temperature difference
perpendicular to the surface of a porous sample instead of ]
a gradient parallel to the surface. The force results from i
a transfer of momentum between gas molecules entering and
leaving the pores of the sample, and the sample itself. If )
the gas is warmer than the sample, the gas molecules

entering the pores will have greater momentum than the ;

molecules leaving the pores. Since the number of
molecules entering the pores is equal to those leaving in
equilibrium, there will be a net force in the direction
towards the sample. This effect is described in detail by
Massen and Poulis {(18:17).

Maximum disturbances cccur when the mean-free path of
the gas molecules is of the order of the radius of the
hang-down tubes. This is at about atmospheric pressure,

which is above the pressure interval for Knudsen forces

(18:17). To limit cavity forces, the pressure at which
they occur can be avoided, or the temperature gradients can
be eliminated or reduced to less than 1 °C per centimeter.

These effects can be used to learn more about the surface

ittt adodendna

geometries of the sample (18:23).

Error Compensation. Most sorpticon errors can be

13nored because of the symmetryv of the balance (11:35).

However, ftor significant errors such as buoyancy and TMF,
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J ) the errors in the data can be corrected by 1sing a blank of

similar mass and density to the sample that doces not react
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with the ambient (20:1564). The data acgquirad with the
blank is related to the system, not the sample, and should

- be subtracted from the data taken with tnhe sample (17:251).
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{I1. ADSORPTION STUDY OF MATERIALS

The adsorption study of the polyimide, gold and nickel
was carried out using the ultramicrogravimetric system
described below and shown in Figure III-1 (28:712). The
study is broken into three sets of experiments; the
volvimide study, the gold study, and the nickel stnudvy.

The goal of the polyimide study was to determine if
water adsorbed on the surface of the polyimide film, and if
it did, how much water adsorbed on the surface. The goal
of the gold adsorption experiment was to determine if the
sample adsorbed water, and if it did, determire if the
water molecules could be displaced by exposing the surface
to hydrogen. The aim of the nickel study was the same as
the gold, with the addition of an experiment to find if
hydrogen reacts with the nickel oxide on the surface of the

nickel to form pure nickel and water.

EQUIPMENT USED

P P X P A
WEVESWE. L G TSR RGBS 1 T WS PR T T Y.

The equipment used in this study consists of an ultra-
gravimetric microbalance with the required control system,
sample changing facilities and gas handling system. A mass
spectrometer is coupled to the balance and is used to
monitor the gasses in the system. COCther support equipment
includes several gauges, an analytical btalance, and a

Perkin-Elmer Scanning Auger Multiprobe.
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Figqure III-1. Ultramicrogravimetric and Residual Gas
Analyzer Apparatus for Studying Samples Loaded from a
Controlled Environment. See Appendix E for Legend of
Parts. (28:712)
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Ultragravimetric Microbalance. The primary piece of

equipment used in the adsorption study cof the packaging
materials was the Ultragravimetric Microbalance. The setup
is shown in Figure [II-1. The balance consists of a
pivotal quartz beam in the form of a truss, resting on a
fulcrum of tungsten points. Two gquartz fibers are suspen-
ded from both sides of the team, the rignt side peing the
sample side and the left being the tare side. A permanent
magnet, encased in quartz, and a gold counterweight are
also located on the tare side. The balance is enclosed by
a stainless steel vacuum system with facilities for gas
handling and sample changing

Control System. The control unit 1s an analog

system which processes signal representing the deflection
of the beam due to a mass change. The output is a compen-
sating signal that returns the balance to the null position
and is proportional to the change in mass.

Beam deflection is detected optically with gold flags
attached to the ends of the beam. Windows in the vacuum
system are located at the front and rear of the beam ends,
through which infrared light is passed on one side, and
its intensity is measured on the other. The system
described above is shown in Figure III-2. As the beam
deflects, one flag on one side of the balance drops,
1llowing more infrared lizh+= <hrough, while the othar flag

rises and lets less light through. This deflection signal

[11-3
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Photodetectors

I R Light Sources

figure III-2. Dual-path Light Sources and Photc-
Jdetectors Symmetrically Located on Either Side of
the Pivot. (9:557)

is sent to the control unit where it is processed and used
to compensate the balance.

The balance is magnetically compensated by the
positioning of a solenoid outside of the vacuum system,
around the permanant magnet on the tare side. The compen-
sating voltage is applied to the coil, and is related to
the mass change of the sample as 1 microgram per millivolt.
The calibration is presented in Appendix A.

Zample Changing. Sample changing 1s conducted from

2 plexiglass dry box that 1s accessed thrcugh 1 bakso

-
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1
-

[II-4




MR SASF AGe e 4o s md e Sne Mad Shar s M el N W VW W W e e Ty e e a v

oven (see Figure III-1). The dry box permits low levels of

moisture of 1-5 ppm to assure a dry sample.
Sample changing is performed by detaching the sample
suspension fiber from the balance, and raising the fiber so

the sample is even with the access port in the dry box.

With the port open, the sample can be changed from within -
the Jdry box using a Brinkman micromanipulator. With a new ]

sample loaded, the suspension is lowered and re-attached

the rest of the suspension.

Gas Handling System. The gas handling system

consists of an array of four valves controlled by stepping
motors to let the desired gasses into the stainless steel
microbalance vacuum system. Vacuum is applied to the

system initially through one such valve, using a sorption

pump cooled by liquid nitrogen. When the system reaches a

i

pressure of less than 800 militorr, the system is opened to
7

T YN
o

a turbomolecular pump, by which pressures in the 10”
torr range are achieved routinely.
Pressures in the system are monitored by a Granville

Phillips Convectron, series 275 for pressures betwean ].0-'3

torr to 1000 torr (calibrated for NZ)' and a Granville i
Phillips Gauge Controller, series 270 for pressures between Y
1078 and 12x10”% torr. 1

Mass Spectrometer. RGA measurements are made using

L I S M sme v.(v‘xw-‘wx e e s 48 aa
.- AN i VM !

a UTI 100 C mass spectrometer, The gquadrupole, or mass

. sensor is located at the bottom of the microbalance, with

[IT-5
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the ilonizer located directly below the sample in a line of
sight of both the sample and the mass filter. See
Figure III-1.

Cther equipment. Sample masses were measured on a

Gram=-atic analytical balance prior to loading them into the
calance and after the tests were completed. The balance
wa3 accurate to 0.1 + 0.05 mg.

A Perkin~Elmer Scanning Auger Multiprobe, model PHI
500 was used to analyze the surface of the nickel and gold
samples as well as to take scanning electron microscope
(SEM) pictures of the surface.

Voltage changes across the compensating coll are sent
from the microbalance controller to a Bascom-Turner
recording plotter, model 8120 R. The values of the
recorded points were printed by a Bascom-Turner printer,

model 41013.

POLYIMIDE ADSORPTION EXPERIMENT

The purpose of the polyimide adsorption study was to
determine if the RC-5878 polyimide adsorbed water and to
determine how much water was adsorbed. The liquid
polylmide was made into samples and these samples were
sur2d 1n the microbalance. Each sample was exposed to
rotreasing partial pressures of water vapor and the changes
L tdos were recorded.,

Sampl2 pregaraticn. The 3ampl=s3 wer=2 pr=ra

= =
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lﬁl i coating a glass slide with liquid RC 5878 polyimide and
ti pre-heating them to 100 °C to form a solid form. The
films were removed from the slides, cut to size and mounted

on a stainless steel sample holder. Qnce the mass of the

sample was measured, it was loaded in;ézthe balance to be
cured. Table III-1 shows the cure for each sample tested. -
he furnaces were calibrated by placing a thermoccoup:e

inside the hangdown tube at the sample position, and chang-

ing the settings on both furnaces. The-same was done for
the tare side, and the corresponding tghperatures were
recorded. A typical RGA spectrum for the cure is shown in d

Figure III-3.

RC-1. RC-1 was the thickest of the polyimide
samples tested. Because the sample lost a considerable
amount of mass during the cure, more mass was added to the ]

sample side of the balance with gold wire. The system )
was filled with 760 torr of N2 and opened to the dry box q

]
in order to add the extra gold wire tare, which was

previously put in the dry box.

3

Once the sample was properly balanced on the beam, the %
1

1

microbalance was resealed, evacuated to 3)(10_5 torr, and

T

bpackfilled to 1 torr of nitrogen. Water vapor was added to
the microbalance at 3.63 torr. After two hours, the mass e
was constant with a 5ain of 80 micrograms.

The pressure of the water vapor was increzdased to 3.0

———

rorr and the sample gained an additioral 140 micrograms.

[
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Table III-1. Cure Cycles for Each Polyimide
Sample Tested.

e e m MR AL .2

Pre Cure
100 °c 110 ¢ 200°¢ 400 °c
 Re-1 60 min 20 min 20 min 20 min {
RC-2 40 min 20 min 20 min 20 min )
RC-3 35 min 20 min 20 min 20 min 1

(1) (42) g
(44) — :
Polyimide Cure i
oy = (18) (28) — |
-~
m -
o
3 I
o (98) ‘
-~
2 I a
2 |
o (99) j
= .
. h -
< 4
&« "
) (15) (30) (56)  (70) #
I Al
.. 1 L | LUl ] 1 !
. 0 10 20 30 40 50 60 70 80 30 100 i
¢ Mass/Charge (AMU) j
. )
Figure III-3. Typical RGA Spectrum of the }
Polyimide Film During the Jure Cycle. d
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Figure II1I-4. Water Adsorption on Polyimide
Sample RC-1.

This mass increase 1is shown in Figure II11-4, at a temper-
ature of ZOOC. The spikes shown at the start of each rise
are due to electrical pulses when valves are opened and
closed and a molecular flow cover the sample as the water
vapor rushes in from the inlet.

RC-2. sSample RC-2 was prepared the same as for RC-1
except that RC-2 was spread on the glass slide in a very
thin cocat. RC=-2 turned out to be the thinnest sample, tut
the wvariation In the thickness Cetw=22n the sampias nad no

significance in the beginning.
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Time {Minutes)

Figure III-S5. Water Adsorption on Polyimide
Sample RC-2.

The results of the adsorption experiment on RC-2 are
shown in Figure III-S. The mass gain during the first
level water vapor pressure is not shown because the balance
was unstable. The remainder of the run was recorded as
shown in Figure III-5 with a base pressure of 1 torr N2
and 1.82 torr of water vapor. The vapor pressure was
increased to 6.43 torr and the sample exhibited a mass gain
Hf 3bout 16 micrograms. The pressure was i1ncreased further

A2

to 9.1 torr and the colyimide picked up 5 mores micr~yr

i
N

)

4
T
[ )

9]
[

ore tne palance became unstable again after an o
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RC-3. RC-3 was made the same as RC-1 and RC-2, but
the thickness of RC-3 was less than RC-1 and greater than
RC~-2. The variation in thickness between the samplss was
colncildental at first, but it had some significance which
is discussed in the next chapter.

The sample was loaded into the microbalance and the
system was 2avacuated to facilitate the cure. The sample
was cured as before and the balance was left to cool over
night. After the control system was warmed up, the

background pressure of 7}(].0-7 torr was increased to 1

T 1 | T T T T — 1 T
AL 20 OC T
3 = -
3
) —
2.,4(}—-
1y
T
s
3] - -
9]
3
= 2CF .
1 L 1 X i { 1 I 1
0 0.2 0.4 0.6 0.8 1.0
p/po HZO
fL3ure I[II-o. Water Adsorption [sotnerm :n
“olvinide Sample RC-13.,
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torr N2. Water vapor was admitted to the system to 3.63
torr Hzo, and a mass gain of 20 micrograms was observed. *

The vapor pressure was increased to 5.45 torr and an

additicnal 8 micrcgrams of mass was gained. An additional
11 microgram mass gain was observed at a vapor pressure of
5.33 torr, and 16 more micrograms at 14.52 torr.

The

u

e pressures correspond to partial pressures orf
water equal to .199 torr, .299 torr, .513 torr and .80 torr
respectively. The isotherm, taken at ZOOC, is shown in

Figure III1-6.

GOLD ADSORPTION STUDY

The adsorption study of the gold sample was performed
to determine if gold foil adsorbes water. If the sample
picked up water, the surface would have been exposed to
hydrogen to find out if there is a displacement reaction
between hydrogen and water on the surface of the gold, but
the experiment showed no water adsorption, so the hydrogen
exposure was deleted from the study.

Sample Preparation. A sample of rolled gold foil

with a surface area of 100 cm2 was prepared for the next
experiment. The sample was rolled into a spiral as shown

in Figqure III-7, and held in place by 1 mil gold wire. The

= foil weighed 3.8537 grams, and was complemented by a gold
= tare weigh+ of 2,441 grams. The total mass of jold used in

this experiment was 6.2978 grams.

y
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figure III-7. Sample Configuration for Gold
Adssorption Study.

The entire sample was rinsed in methanol, followed by
acetone, and finally de-ionized water. It was then baked
at 200°C for one hour in the bakeout oven before being
loaded into the microbalance, which was heated so that
the traces of residual gas in the RGA spectrum were below
the RGA's noise level. The microbalance was then evacuated
and re-heated to 110°C for 50 minutes. It was later real-
ized that the rinse in methancl and acetone should have
teen reversed, but any residue left on the sample 1is

assumed to have been baked off when heated.
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Water Adsorption Run. The base pressure obtained

in the microbalance was 7xlO17 torr before it was filled

with 1 torr N After warming up, the balance was zeroed

2
and 1.37 torr of water vapor was admitted to the system.
The data indicated that the sample picked up 3.5 micrograms
of water. It was suspected that this data was erronecus
tecause a sample holder that did not adsorb water exhibited
a cycling mass change of the same order during a seperate
experiment. It was then decided that this part of the
experiment be repeated.

The vapor pressure was then increased to 3.66 torr.
After 40 minutes, it was noted that the balance was not
properly zerced. The controller was adjusted in real time
before the microbalance became unstable, and the adjustment
did not appear to upset the experiment at that time. The
data showed a mass gain of 11 micrograms, but this data was
not trusted, and that portion of the experiment was also
repeated.

The vapor pressure was increased 5 more times to 5.45
torr, 7.28 torr, 9.09 torr, 11.41 torr, and 14.56 torr.
None of these increases produced a mass change in the
sample. The data is shown in Figure III-8. The system was
then baked out twice in order to reduce the water peak in
the RGA spectrum to the noise level to set up the next run.

The first part of the gold adsorption exgerliment was

repeated because the first part of the previcus run was

[II-14
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Figure II1-8. Results from the Water Adsorption
on Gold Foil.

With a background pressure of 7x10-'7

probably incorrect.
torr, the microbalance was filled with 1 torr of Nz.

Water vapor was added to 4.10 torr, and there was no mass
change,

as expected. The microbalance was then emptied and

baked out to get ready for the nickel experiment.

NICKEL ADSORPTION STUDY

The sample used for the nickel adsorption study was a

s3trip 2f nick=l foil that was prepar=d as explained celow.
The dry sample was =xpnsed to H2 to find out if H2 reacts ‘
[II-15 )
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with NiO., to form Ni and H,O. Water was then adsorbed

2 2

onto the surface and a monolayer of water molecules was
obtained for the last experiment. The last experiment was

tigwexposure oh H, te the monolayer of water on the sample

2
toedetermine if H, displaces adsorbed water.

Sample Preparation. A nickel sample was prepared

from a strip of nickel foil 42 cm long, 2.5 cm wide, and
.025 mm thick. It was configured the same as for the gold

sgﬁéle, in a spiral, and was held together by gold wire.

Sorem

Fad

Gdid wire was used because it did not adsorb water, as
-
demonstrated by the previous experiment.
The sample weighed 2.7146 grams, and gold tare weights

brought the mass up to 6.2995 grams. Before loading the

sample into the microbalance, it was cleaned with a
trichlorethylene rinse, followed by acetone, then methanol,
and finally de-ionized water. The balance was lcaded and
evacuated, after which it was baked out and left to cool
overnight before the next experiment.

An Auger analysis was previously performed on a piece
of the same nickel foil. Figure II1I-9 shows a survey done
after a 20 minute sputter. The survey revealed that,

although the sample was very pure, there was a large

4 amount of O2 on the surface, evident by the large peak at

. 5

F

6 eV. This peak 1s probably due to the NIQC

—

PR

Hydrogen ExXponsur2 %) Dry Nick= The La3lk3

'
)

g 1
aa e

-—

-7
° pressur=2 was at 6x10 torr when hydrcgen was admitted =0

it
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Figure III-9. Auger Analysis of Nickel Foil
after Sputtering for 20 Minutes.

the system. With the system open to the turbo pump, H2
was leaked in such that the pressure remained at l.2x10-S
torr. Initially, the output from the balance was sent to

the plotter, but the output was erratic, so the balance was

:5 disconnected. The plotter was then connected to the mass

;‘ spectrometer so the RGA spectra could be recorded. The

)

L, first two spectra, however, were recorded by hand prior to

? ceing recorded by the plotter.

g The output from the mass spectrometer showed a largje

r( ceax at 28 AMU with smaller peaks at 14,18,32,40 and 44

;|
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Figure III-10. RGA Spectrum of Hydrogen Exposure
to Dry Nickel Sample in the Stainless Steel
Microbalance.

AMU. A typical spectrum is shown in Figure III-10. The H
5

2

rate was increased so the pressure remained at 3.3x10°
torr, and the peaks grew in intensity but remained the same

with respect to each other. The intensities decayed slowly

over several minutes, as seen in Figure III-10. The

pressure was increased once more to 6.5)(10—S torr, and

Lo g 4
. ‘
- I 9

the output reacted as before.

H

v

.

The HZ leak was stopped and the balance was left to

pump out over night for the next experiment.

Water Adsorption on Nickel. The system was filled

be e aun Sns sae S mtamn

to 1 torr N and water vapor was added to the system

2'
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while the plotter recorded the mass changes. The first

step was at 0.93 torr H,0, at which a 10 microgram mass

2
gain was recorded when the data reached equilibrium after

about four hours.

50 [ T i l i [ T T i
)
3 —
o
-t
T
&) —
N
]
1]
=
—
1
0 0.2 0.4 0.6 0.8 1.0

p/po H,0

figure [II-11. Isotherm of Water Adsorption on
Nickel Foil.

Several more data points were recorded, and are
tabulated in Table II1I-2. This data was then plotted as an
isotherm at ZOOC, and is shown in Figure III-11

The system was then baked out, during which time, the

Tarplae was hald at 11¢°7 for 2.5 hours. The balanca2d
-7
cooled over night and was at 7x10 torr when the pump
[II-19

.

Al

Y




- T T —~———— T P —~——— _“~-,‘~_-‘,T~_ﬁv.‘-7

Tapble III-2. Data Points Taken for the Water
Adsorption on Nickel.

Pressure Partial Mass Cain Total Mass
déo Pressure
(Térr) (p/p,) (pg) (pg)
Run 1
0.93 0.051 10 10
1.80 0.100 6 16
2.73 0.150 5 21
3.64 0.200 4 25
5.45 0.300 0 25
7.27 0.399 3 28
9.44 0.519 3 31
12.34 0.678 5 36
15.56 0.855 7 43
Run 2
0.93 0.051 3 3
2.18 0.120 3 6
3.60 0.198 0 6
5.39 0.296 4 10
8.30 0.456 4 14
:
?'.
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was closed off from the system. Without back filling the
system with N2, water vapor was admitted to 0.933 torr and
~he mass change was recorded. Four additicnal points were
recorded and are tabulated in Table III-2. The i1sotherm is
plotted in Figure III-11.

Hydrogen Effects on Wet Nickel. The system was

caxed cut while the sample was held at 110°c for 6 hours
and left to cool over night. The background pressure was
at 5x10°/ before starting the next run.

The isotherm in Figure III-11 was analyzed using the
BET surface area technique and is presented in the
following chapter. The vapor pressure at which a monolayer

of water molecules covers the surface was determined from

the analysis to be 7.28 torr. This was the condition that
was tested to determine the effects of hydrogen on adsorbed
water molecules.

Water vapor was admitted to the system in two steps in
order to reach 7.28 torr from a background of leO"7
torr. The first step was to 4.5 torr and the second step

was done ten minutes later in order to let the pressure

build up in the water resevoir. The balance indicated a

mass increase, but it became unstable before the output
) reached equilibrium.

The balance was then re-zerced and hydrcgen was
b admitted to the system. The H2 pra2ssure 1ncreased to 2.2

q torr, and fell to 0.7 torr when the wvalve was close=d. The
i
!

b

s

3

b,
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figure III-12. Correction for Pressure Meter
Calibrated for Nitrogen. (13:29)

Table I[II-3. Pressure Increases 1n Hydrogen with
Corresponding Mass Changes.

Initial H Final H Mass Gain | Total Mass
Pressure Pressuré
(Torr) {Torr) (pg) {(ng)
2.2 0.7 2 2
3.3 1.0 2 4
4.0 1.4 2 6
4.2 2.0 3 9
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values of the hydrogen pressures are approximations and are

taken from the values of deuterium in Figure I[II-12. The

pressure was increased three more times, and all the y

L
increases are shown in Table III-3. )
Each time the hydrogen pressure was increased, the i

sample gained mass. The amount of mass gained was about 2 4

micrograms tor each 1ncrease,

»i-” §
2 1
¢ o
i a
b *
-

[j} B
[ )
L ¢ |
. ,1
[ [11-23 1
A 5
k 1
H o
RTINS L . : ]

3 . N . - - . < S P - - - e g P A W) . Lt D [P ET LU WA Y PRI PO P s hY NP S ..




Y T LMA JoaC A=A At e S ar i AV RO NS 00 Ratienareiad R ai i i S A Tt Sadit N "v—-_r_—\q

IV. RESULTS AND DISCUSSION

Thi

T
7]

chapter prasen the results of rthe experiments

wi
{
[*1

Elin

cerformed on +the polyimiZe, Jold and nickel samples. The

data from the polyimide adsorption experiment is analyzed

A

S e e e b bm oy
B ] [P =

9]

ET surface area technigue Jescriped 1n Appendix
D, and discusses the relaticnship of the sample thickness

ro the amount of water adsorbed. The results of the gold

PSP S

adsorption study are discussed along with the significance
of the data to the nickel study. Finally, the results of

the nickel adsorption study are presented along with the

o

analysis of the Jdata and a discussion of the cessipgla2

ra23scns for the data obtained.

PR T

RC-5878 Polyimide Adsorption Study

520 Adsorption. Using the full cure suggested for
the polyimide, the evidence suggests that the thickness of
the polyimide film is related to the amount of water the
surface will adsorb. Figure V-1 shows the isotherm polints

of all three samples tested. RC-1 was the thickest sample,

4
RC-2 was thinner, and RC-2 was the thinnest. Becauss of j
;
B the absence of the data point for the first step 1n water )
- L
: vapor pressure 15 absent, the curve of RC-2 was adjusted ]
. £f~r *he worst case condition. This case exists when the
h
b T333 3ain 1t the rirst stec in pressure for FC-2 13 2aqual
i
F - “rno mAns T3Ln 28 PI-2 av Mt 3armey Lrees3ure. Syl
r.
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Figure IV-1l. Isotherms of Water Adsorpticn on
RC-5878 Polyimide Samples RC-1, RC-2 and RC-2,
Normalized to 100 square centimeters Surface
Area.

reasons are given for this assumption.

.

]
r
o
AJ
;
g
A

This assumption was arrived at for several reasons.

First, the mass gains are presented as relative values for

= T

¢ samples of normalized surface area as measured, and since

RC-1 gained much more mass than RC-3, the assumption was

O ativam ma ot ’T Bl e o e
B . P [
L, .

made that RC-2 would not gain more than RC-3. Second, the

e AP Ao,

q rate of mass gain between 6.43 and 9.1 torr of RC-3 1is
2.13%3 micrograms per torr HZO, which 1s greater than that ]
~f 57=2 a* 1.398 micregrams cer torr (hoth normalized +9 g
B 2 ~
4 oo mm® surface area).
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Figure IV-2 BET Plot of RC-3 Adsorption Isotherm
for BET Surface Area Analysis.

BET Surface Measurement. The adsorption isotherm

for RC-3 was analyzed using the BET surface area technique.
This technique is explained in Appendix D (5:194; 21:159).

The isotherm was replotted as X/ ({(1-X)m) for the pressures

between 0.91 and 6.37 torr, where X is the partial pressure

[ of H,O at 2OOC, and m is the mass gained in micrograms.

"_-A 2

® The plot is shown in Figure IV-2.

p -

E The slope of the line in Figure IV-2 1is S = 02.028 and
ﬁ. to= lhtercept 1s I = ¢.007. Uslng these vaiues, the mass
) fcr a mcrnolayer coverage of water, m_ is

[v-3
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m. = 1/(s+1) = 28.57 pg (1)

. 2
. Using the value of W_ = AmNA/M = 4180 m~/g from Robens

g
{21:157), the calculated surface area of RC-3 is

:'“,/ = oL} A2
A mmwg 1000 1.194 ¢cm (2)

S

which is only 7.8% less than the measured area of 1.295

sz .

Gold Adsorption Study

The water adsorption experiment on the gold surface

C)Q showed that there was no mass gain when a sample of rolled
gold foil was exposed to an ambient of water vapor. This
does not necessarily mean that no gold will adsorb water,

only that rolled gold foil does not adsorb water at 20°¢.

This dces, however, mean that the gold used in this exper-

iment can be used as a tare weight for other adsorption

q experiments without affecting the data.
.
3
.. Nickel Adsorption Study
( Hydrogen Exposure to Dry Nickel. The exposure of
R nydrogen to the drv nickel surface resulted 1n a large peak
S
f it 23 AMU o mher BSA spedtrum, whicon wndicates pnitregen o
3
’i carbon mennxiie,  Teher ceij«s crasont, 1o decreasing
b
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intensities, were 32 (02), 14 (coz), 18 (HZO) and 14 (N)
AMU. "
An Auger scan of the nickel foil before sputtering is '3

shown in Figure [V~-3. This shows that the nickel had a
considerable amount of carbon as well as oxygen on the
surface. The 02 is due to a strcng oxide (NiOz),

~he carbon wWas probably from the plastic pacxage the sample

and

e .A.lt‘ »

was stored in, or the solvents used to clean it .

. ‘A'lA.L )

T 1 | E— T T T
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1 Figure IV-3. Auger Scan of Nickel Foil Before
3 Sputtering.
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molecules displacing CO, but that was unlikely because the

oxXygen would tend to react with the CO to form CO This

2
means that the peak at 28 AMU was nitrogen. Since the
Auger scan did not show any N2 on the nickel, it must have ]

come frcom a displacement reaction on the walls of the

balance housing. Since any of the molecules shown in the

At B S

RGA spectrum could have been on the walls of the balance,
the RGA data from these tests cannot be used to determine

if a displacement reaction or oxide reduction occurred on

the nickel surface. i
Water Adsorption on the Nickel Surface. The first

water adsorption experiment on the nickel resulted in the !

adsorption isotherm shown in Figure IV-4. The shape of the ‘

isotherm is a classical type II, or BET isotherm, which was
analyzed using the BET surface area technique. The data
points between 0.91 and 6.37 torr were replotted as

X/ ({(1-X)m), and the new plot is shown in Figure IV-5.

The slope and intercept of the line are 0.04650 and

L
!

A
[

[
<
<
<
o

0.002111 respectively. Inserting these numbers into

equation (1), the mass for mecnolayer coverage, m o becomes

20.57 ug. Using wg = 4180 as before and applying equation

(2), the surface area was 0.860 cm2. This result is

,‘ surprisingly low, since the measured surface area was 210
cmz.

> Trne 1aza from the Auger analysils =xplains why the

P

r’ surface area from the BET analysis was so small. Since

- IV-6
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Figure IV-4. Isotherms of Water Adsorption on
Nick=z1 rFoil.
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Figure IV-5. BET Plots of Figure [V-4 for BET
surtice Area Analysis.
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the BET analysis only shows the active adsorbing surface,

the rest of the surface must have been passivated by the

nickel oxide that was so predominant in the Auger scan.
'?A second adsorption experiment was performed on the

. sample without a background of 1 torr N but since

2'
nitrogen is inert to the reactions taking place, the ]

e .} UTTrenerey N VOUSPep

change nad no effect on the data (l:66). The isotherm,

also shown in Figure IV-4, shows less mass gain than

JUIIY TR

befog®:- and is not as smooth. With the curve smoothed out
e

to 5?Elassical BET isotherm and replotted as shown in

. .-

Figure IV-~-5, the surface area was calculated to be 0.3958

2 >
cm- . B

LAWL

This 54% reduction in surface area probably means that
‘D' more nickel oxide was grown and passivated the surface even
further. Some of the nickel atoms from the active surface

area could have reacted with the oxygen atoms from the

water molecules, forming Nioz.

Hydrogen Exposure to Wet Nickel. The active area of

the nickel sample was covered with a monolayer of water
molecules and exposed to hydrogen. The expected results
were that the sample would lose mass as the hydrogen atoms
displaced the water molecules adsorbed on the surface. The
results of the experiment, however, showed a mass gain with
each increase in hydrogen pressure, as seen in Figure IV-6.

The lncreases were not instantaneous, sSo they were not

caused by buoyancy effects. Instead, the mass gains can be

Iv-8
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Figure IV-6.

Time (Hours)

Hydrogen Exposure to Nickel Surface

with Monolayer Water Molecule Coverage.

explained by the phenomenon of hydrogen bonding. 1In

hydrogen bonding,

the hydrogen atom tends to appear as a

bare proton because its electron is being devoted to the

bond between
attracted to
atoms in the

much greater

the two hydrogen atoms.

This means it is

small electronegative atoms such as the oxygen

NiO

2

(24:378). Since the area of NiO., was so

2

than that of the active nickel surface,

the net

mass change was a gain, even if there was a displacement

reaction taking place.
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V. CONCLUSIONS AND RECOMMENDATIONS

This section discusses the conclusions drawn from the
results presented in the previocus chapter. Some practical
applications of the findings are also given along with some

racommendaticons for further study.

Inferences from the Results

Polyimide Film. The results show that the RC-5878

polyimide adsorbs water vapor at room temperature, and the
thickness of the film is directly related to the amount
adsorbed. This means that the amount of water that is
adsorbed by the film may be controlled by the thickness,
and might result in less water being released into an
integrated circuit package.

Gold Foil. The results showed that the rolled gold
foil did not adsorb water vapor at room temperature. This
means that gold foil can be used successfully in integrated
circuit packages without running the risk that it could
introduce water vapor into the package when the circuit

operates at elevated temperatures. Swartz, et al. (25:52)

and Thomas and Sharma (25:549) found that evaporated gold
did adsorb water vapor that could be released into the

integrated circuit package during operation. If the lids

—p—y

in the study Jone by Swartz, et al. (25:52) were replaced

with gold foil, for ilnstance, there wculd be nc adsorbked

Ll . SENES aar e ans a3
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A water to vaporize inside the package.

Nickel Foil. The results of the nickel adsorption

study show that there was only a small porticon of the total
area that adsorbed water because most of the nickel was
passivated by nickel oxide, which did not adsorb water.
Also, the observation was made that more of the surface was

cassivated after the sample was exposed to water vapor.

These observations suggest that nickel used in integrated
circuit packages is safe from the standpoint of contamina-
tion from water vapor, as long as the entire surface is

passivated with nickel oxide. This would rule out using

R

deposited nickel, unless it was allowed to oxidize before

being sealed 1in a package.

Recommendations for Further Study

ettt o

TAB Film Adsorption

Study. To learn about the

adsorption properties of

grated circuit packages,

materials actually used in inte-

the actual components should be

} studied. 1In the case of polyimide films, adsorption

studies should be performed on film that is produced for
- tape automated bonding (TAB).
;l The tests that are recommended for a polyimide TAB
j film include plotting adsorption isotherms at room
E temperature and at operating temperatures to observe the
E adsorption properties in those environments. Also,
a‘ descrption tests could be cerformed to Jdetermine how mucn

]
rata B
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v water vapor, if any, would be released into the integrated J
circuit package at elevated temperatures.

Sputtered Gold Adsorption Study. Sputtered gold, as

opposed to gold foil, is used in the package on the lids,

. and has a different texture than the foil. This different
texture might allow for water adsorption, so its adsorption
oroperti2s should be studied in order to supgpcrt or deny
this claim.

The same tests described for the polyimide TAB film
should be performed on the sputtered gold, unless early
experiments show that, like gold foil, sputtered gold does
not adsorb water.

Further Nickel Studies. The first experiment

‘)' recommended for further study on the nickel 1is to preform
the same studies presented above for the polyimide and the
gold, except they should be preformed on a pure unoxidized
nickel sample surface. By reducing the nickel oxide on
a pure sample, the adsorption properties of the nickel,

without having to account for reactions that may be taking

place on the oxide, can be studied more accurately. Oxide

reduction can be accomplished using an CAQOR cycle explained ]

in Chapter II.

-
[ ¢ The second suggested experiment involves plotting !
- hydrogen adsorption isotherms for both a reduc2d nickel
- o
o . . - ;
- surface and a totally oxidized surface. Tnese +tegts woull )
f ,
i . - v A ; i3 -~ ~Ff rudr 5 1 }
. verify or deny the existence of hydrogen vornlding on the
3
3
} .
- *
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nickel oxide, as was used to explain the mass gain observed
when the wet nickel sample was exposed to hydrogen.
dydrogen bonding would be supported if hydrogen exposed to
the N102 gained mass, while a pure surface exibited no

mass gain.

The final nickel study proposed would involve
ccntinuation of the experiments described above. After
eXxposing water vapor to a pure, unoxidized nickel surface,
nydrogen could be admitted to the system to determine
whether the hydrogen displaces the water molecules adsorbed
on the surface, characterized by a loss in mass. Without
the NiO2 on the surface, hydrogen bonding would not be a

factor.

Microbalance Computer Control. The final recommend-

ation for further study is to build and test the perscnal
computer controller suggested in Appendix C. By converting
the analog error signal from the beam deflection detectors

to a digital signal, it can be sent to a personal computer

- to be processed. The output can then be converted back
.! into an analog signal that will apply a compensating
- . . .
h voltage to the restoring coil on the balance. This
controller will provide easier access to data taken by the
e microbalance.
This computer control will provide an opportunity %o
-
3 axrand the enkhire system +to <-ampnter control. This may
L 4 _ include control of gas handling systems, <emperature
p
b
{ V-4
]
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control, and decision making such as when an adsorption
has reached equilibrium.

Considerable work was done on such a controller, and
one was actually constructed, but the sensibility of the
new system was 50 micrograms per millivolt, as opposed to
the current sensibility of 1 microgram per millivolt (12).
This system is presented 1n Appendix C, aleng with the

modified version.
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APPENDIX A: MICROBALANCE CALIBRATION

The calibration of the microbalance was performed
using the buoyancy technigue described by Czanderna and
Honig (6:1208). This was accomplished using a sealed

.
2Cyan

&}
Q

v oSulb and a tantalum weight of egual masses and

|8
tt

ifferent volumes. The bulb was loaded into +he balance
and nitrogen was admitted at a series of pressures. As the
pressure changed, so did the force acting on the buoyancy
bulb due to Archimedes' principle. The change in force
caused the balance to deflect, which was compensated by a
change in voltage across the restoring coil. The data was
raecorded and 1is tabuliated in Table A~-1 and plotted 1in

igura A-1l.

rr)

lable A-1. Calibration Using the Buoyancy Bulb.

Run 1 Run 2

P (Torr) av (mv) V (mV) ]|P (Torr) 4V (mV) V (mV)

700 0 Q 820 0 4]
600 .479 .479 700 .594 .594
500 .492 .971 600 444 1.038
200 1.190 2.161 500 .432 1.470
100 .524 2.685 400 .508 1.978
1.3 .559 3.244 200 .926 2.904

100 .473 3.377

1 .549 3.92¢6
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= j; Table A-2. Calibration Run Using the Tantalum
- weight.

Run 1 Run 2
P (Torr) V (mV) P (Torr) V {(mV){ P (Torr) V (mV) a
700 91.1 100 72.7 1 66.4 d
) 800 37.8 209 73.5 100 7.0

500 85.0 300 78.3 200 72.9 ]

400 82.2 400 80.9 300 75.4 |

300 79.5 300 3.7 409 78.2 y

200 76 .6 600 86.9 500 80.0 -

100 74.4 700 30.1 600 84.4 d

1 70.9 700 86.7 |

[ S

The buoyancy bulb was replaced by the tantalum weight
and a second calibration run was performed. The data 1is

shown in Table A-2, and the graph of compensating voltage

et i

C)' v.s. pressure of nitrogen is shown in Figure A-2. By using
the difference between these two slopes, the sensibility of h

the balance 1is

-
|
- - 6 —
S = M(Vl Vz)lO /(Sl Sz)ZPV {1)
where E
S = balance sensitivity (ug/mv)
M = molecular weight of nitrogen (38.016 g/mole)
Vl= buoyancy bulb volume (3.375 cm )3
V2= tantalum weight volume (.0278 cm™)
' Sl= slope obtained using the buoyancy bulb
(-4.6173 mV/Torr)
82= slope obtained with the fantalum w=2izh*
! {0.02821 mV/Torr)
[ P = pressure at 1 ATM
e 2 = correction for the nonideality of nitrogen
(1.0915)
L ;\"2
!
]
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Y 4
{
) Using the relation above, the sensibility of the
microbalance is 1.086 micrograms per millivolt.

It should be noted that, because of time constraints,
the actual calibration runs were carried out by laboratory
cersonnel at an earlier date. The recorded data was used

to arrive at the sensibility described above.
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APPENDIX B: MICROBALANCE OPERATION

The heart of the microbalance control system is the
analog control circuit shown in Figure B-1. A signal
representing the beam deflection enters the controller
threough Al (all cperaticonal amplifiers are EMI Cp-C7) aﬁd
splits into two paths. The top path leads to A2, a
derivative compensator circuit, which produces a signal
that is out-of-phase with the restoring signal, which is
discussed below. This out-of-phase signal limits the
response of the restoring signal in order to prevent
mechanical damage to the balance.

When the balance 1is operating properly in the null
position, the current from the differentiator is zero, as
shown on the zero meter. During start-up, zeroing 1is
accomplished by adjusting the tare switch, which
electronically varies the the effect of the counterweight
by sending a rough compensating signal to the coil. This
signal brings the balance to within the range of the
compensating network which brings the balance to the null
position.

The lower path leads to the circuitry which produces
the restoring signal. The deflection signal is filtered
through a low pass filter to eliminate any high frequency
noise and pass the signal that is on the order of | Hz.

The signal 15 then buffered a+ A3 and sent to A4, where 1=

B-1

N -
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is amplified and clipped to produce a signal that resembles
a square wave., When the balance is in the null position,
this signal is actually a square wave, and the null meter
flips back and forth, spending equal time on each side. If
the balance falls off of the null position, the null meter
spends more time on one side than the other, and eventually

tays pinned on one side.

n

The square signal 1s sent to a zeroing circult where
it is used both as a floating ground for the power supply.,
and as an input to the rest of the circuit. A voltage
divider between the power supply voltage and the floating
ground signal is adijusted with both the ~oarse and fine ze-
ro potentiometers, and is fed back into the square signal.
The coarse zero pot 1s used to bring the balance across the
null position, and the fine zero pot is used to adjust the
voltage divider until it is matched to the square signal.

The slew rate, or the rate of change of the voltage of
the square signal, is varied with the slew rate switch that
selects a combination of capacitors from a capacitor bank.
The slew rate is adjusted so that the maximum voltage swing
of the square signal is never reached. As a first order
approximation, this new signal is the integral or the
continuocus area of the square signal, which is directly

related to the mass change of a sample 1n the microbalance.

e

The new 1nally sent to the

L

- 3 -~ 9 -
storing si3znal L3

compensating coil where 1t is ccmbined with the out-of-

B-2
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phase damping signal to restore the balance to the null
position. The restoring signal is also sent to a strip
chart recorder for display.

A change in wass of the sample produces a deflection
in the beam, whichﬁééuses the symmetry of the square
signal to be alteredj‘ When the altered signal is

integrated, the change in area of the square signal above

and below the zero point is reflected in the restoring

signal, which represents the change in mass. This change
in the restoring signal is then sent to the coil to bring

the deflected beamﬁﬁack to the null position. i
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 APPENDIX C: PROPOSED DIGITAL CONTROLLER

The microbalance controller used in this study is
extremely limited. It is an analog instrument with a
floatinéiéround which makes it extremely sensitive to

It requires a gre=at deal of time and

electridaf’noise.
patience to keep running properly, and it has no way of
monitoring experiments other than sending the output to a
recorder. In order to correct these problems, a computer
controllsé digital microbalance controller is proposed.

A dfﬁital controller would be capable of monitoring
such things as when the equilibrium ¢f an adsorption run
is reached. The system could be programmed to analyze the
data as they are produced to give information such as
the rate of adsorption. Once a sample 1s locaded into the
balance, an entire experiment could be run from a keyboard,

or, if expanded to control valves, the system could control

an entire series of experiments.

The circuit diagram of the proposed circuit is shown
in Figure C-1. The proposed circuit combines circuitry
from part of the analog microbalance controller, along with
some digital circuitry, and is a variation of the work done
{12)

at an earlier date with a potential improvement to the

sensibility.
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_w o I R Detector Bridge. The infrared detector bridge 4
' “ ]
circuit is the same one that is being used on the balance ‘

.

with the analog controller. The bridge detects a 1

deflection in the beam and sends an error signal to the

amplifier Al.

%! Amplifier Al. Al is an inverting amplifier that
amplifies the inccming error signal to about + 2C0

? milivolts, following the equation V2/V1 = —RZ/Rl .
The signal is then split and sent to A2 in the damping
i circuit and A7 in front of the digital circuit.

Amplifier A2. Amplifier A2 is used as in the analog

controller to differentiate the error signal into an out-
of-phase signal to attenuate the response of the beam to

O' the restoring signal. Sl 1i1s closed when the beam crosses
the null position for the first time to begin damping the
motion of the beam.

Amplifier A7. Amplifier A7 is an inverting

amplifier that amplifies the signal to + 5 volts, following

the equation V3/V2 = -Rlo/R9 . At + 5 volts, the

: fr

signal is compatible with the A/D (analcog to digital)

i P ”
3 I

Eﬁ converter.

[ Digital Circuit. The error signal enters the

-

r‘ digital circuitry through a 16 bit A/D converter where the

R

error signal becomes a 16 bit word that is passed through a

PIA (periferal interface adapter) into a persconal computer.

. The computer then processes the data with software and
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sends a restoring signal back to the rest of the circuit.

The computer's signal passes back through the PIA to a 16
bit DAC (digital to analog converter). The cutput of the
DAC is an analog signal of 19.5 millivolts per step and is L

sent to the attenuator As6.

.Y
E
1
#

Attenuator A6. The attenuator A6 reduces the DAC .

5
output of 19.5 millivolts per step to 0.05 millivolts per 2
step, following the equation V7/V6 = -Rlz/Rll = ,00256 . 7

This signal, which is compatible with the operation of the -

microbalance, is sent to the adder at A3.

Adder A3. The adder uses the amplifier A3 to add

v

the compensating signal from A6 and the damping signal from

A2, following the equation -VS/R8 = V7/R7 + V4/R5 . The

signal is then sent to the voltage follower at A4 which

acts as a buffer. The final compensating signal 1is then
sent to the restoring coil, where the voltage range will

be -6.4 mV to 1.2864 volts with a step size of .05 mV.
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APPENDIX D: BET SURFACE AREA MEASUREMENT

The following is the step-by-step method of determin-
ing the surface area of a sample that has undergone
gravimetric adsorption testing. The Brunauer, Emmett and
Teller (BET) surface area technique described here was
assembled from Robens (21:159), Czanderna (5:194), and

Czanderna and Vasofsky (10:49),

(ug)

Mass Galn

0 | L ] |
100 200 300 400 500
Pressure {(Torr)

Figure D~1. Adsorption Isotherm of Nitrogen
Adsorbed on Siiver Powder. (10:49)

The first step is to obtain an adsorption isotherm with

1t least three points tetween the partial pressures o

re
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0.05 and 0.35 p/po, where p is the pressure of the
adsorbate and Py is the vapor pressure of the
adsorbate gas at the isothermal temperature. An

example 1s shown in Figure D-1.

The two parameter BET equasion is a straight line and

i3 given by

X/ ({(1-X)m) = ((C—l)/mmC)X + l/mmC {1)
where
X = p/p
m = mas$ of adsorbed gas
m, = mass of adsorbed gas for mcnolayer coverage
C = BET constant

The next step 1is to replot the lsotherm between .05
and .35 p/po as X/ ((l=-X)m) v.s. X to obtain a straight
line with slope S and positive intercept I. If these
conditions are not met, the BET analysis is not valid.
The new plot of the isotherm in Figure D-1 is shown 1in

Figure D-2.

Substituting S and I into equasion (l) yields

X/ ({1l-X)m} = SX + B {2)
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figure D-2. BET Plot of Nitrogen Adsorbed on
Silver Powder. (10:43)
Qe where
S = (C—l)/’mmC (3)
and
I = l/mmC (4)
Solving for C in equations (3) and (4), and setting
them equal gives
3 C = 1/m = 1/(1-
o / mI 1/ {1 mmS) (5)
t' Solving for the mass of 31 mcnolayer coverage of wol-
.
o ecuylas 1n aquation (5) gives m
} - I
'l
. M = 1/(5+ \
- 1m L7(S+1) (6
[’.
9 D-4
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5. The specific surface area can now be calculated by

using
AS = (mmAmNA)/(Mms(lOOO)) (7)
where
A, = specific surface area (mz/g)
m_ = adsorbate mass for monolayer coverage (g) R
m . -
Am = cross—sectlanal area of adsorbed ]
molecule (m®) 23 .
Ny = Avagadro's number (6.02x10 1/mole) :
M~ = gram molecular weight of adsorbate (g/mole)
m_ = mass of the sample (g)

Robins (21:157) gives the value of wg for nitrogen as

3480, where wg = AmNA/M (mz/g). For the information

Y § YRS

0‘ in figure D=2, m. = 23.5 micrograms, and mg = .7414

grams, As = .00011 m2/g of silver powder.
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APPENDIX E: MICROBALANCE PARTS LEGEND

The following is a legend of the parts of the

microbalance system shown in Figure III-1 (28:712).

{A} Balance Housing

{B) Cuadrupole Mass Filter

(C) Turbomolecular Pump

(D) Line to Gas Handling System

(E) Leveling Platform

(F) Support Table

(G) Transite Top

(H) Hangdown Tubes

(I) Alignment Bolts

(J) Solenoid Assembly

(K) Solenoid Support Flange

(L) Windows

(M) "Y" Fitting with Port

(N) Motor-driven Linear Motion Feedthrough
(0) Sample Loading Fitting

{P) Quick Access Flange

(Q) Four-way Cross

(R) Six-way Cross with Push-pull Feedthrough
(S) Capacitance Manometer Gauge Tube

(T) Tubulation for Pumping Reference Side of (S)

(U) Straight Through Valves

‘
«
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(W)
(X)
(Y)
(Z)
(AA)
(BB)

(CC)

(DD)

(EE)

(FF)
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"Tee" Fitting

Flexible Bellows

Manifold

Vacuum Bakeout Oven

Dry Box

Uncoupling Point for Sample Suspension Fibers
Bellows

Location for Changing Sample and then Taring
after Resuspending Sample

Access Doors to Vacuum Bakeout Oven

Vacuum or Backfilling Line

Tube Furnaces
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